Abstract -We report on the design of a novel, very small dualband antenna having double-folded structure and suitable for onchip integration in wireless sensor network nodes. The antenna operates simultaneously at 2.4 GHz and 5.7 GHz with a -10 dB return-loss bandwidth of 50 MHz and 170 MHz, respectively. A prototype fabricated on a 4003 Rogers TM substrate (dielectric permittivity of 3.38) has dimensions of 6x8.5 mm 2 .
I. INTRODUCTION
Wireless sensor networks are an emerging technology that brings not only numerous opportunities but also many technological challenges [1] . There are various physical quantities in different environments that when measured and recorded, could bring new quality to our lives. If e.g. soil properties like humidity, temperature, chemical composition, etc. could be measured in a distributed way, providing detailed local data for an entire farm field, the watering and nutrition supply could be adapted locally resulting in optimum growing conditions and thus significant savings.
To be effective and to have the ability to adapt itself to complex environments, like a farm field or an office building, each sensor node has to be autonomous. This means that, desirably, it should be self-powered and provided with wireless communications. This type of systems usually requires low power consumption (battery life-time) and uses low data-rate communications (small bandwidth) and, therefore, requiring special design [2] .
Application of such distributed sensing systems will be highly facilitated if cheap and easy-to-use 'on-chip' or 'inpackage' solutions, equipped with short-range wireless communication capabilities, would be available. Potential merging of antenna and circuitry has led to innovative RF front-end designs with several desirable features such as compactness, lower power consumption, and added design flexibility [3] . The necessary on-chip integrated transceivers, from baseband to antenna input/output, are already available. However, the antenna, as the key element in achieving a fully integrated solution, notwithstanding all the development efforts, still remains to be an open challenge. Full integration requires the availability of very-small antennas that can be fitted into a single chip. Here, short-range wireless communication systems operating in the 5-6 GHz ISM band may play an important role due to the possibility of smaller antennas, as the antenna size is wavelength dependent.
Several small and planar antenna types have been proposed for wireless communications [4] but none of them was designed to fulfill all the restrictions and requirements set by on-chip integration. Those restrictions include the properties of available substrate materials and the way they can be processed. Many of the previously proposed solutions to integrate antennas on-chip have been based on the design of planar antennas using silicon as substrate. Since the lowohmic silicon substrate suffers from high losses, highresistivity silicon or bulk micromachining have to be used in order to increase the antenna efficiency. An optional solution to decrease the antenna losses is to use a combination of a low-loss material with silicon. The new material can be used as antenna substrate and as a carrier for required high-quality passives [5] . The silicon will be used to implement the necessary circuitry.
Such combination of substrates can be achieved with the use of wafer-level packaging (WLP) techniques, like adhesive wafer bonding and through-wafer electrical via formation, which allows combination of silicon together with different silicon-compatible substrates [6] . The typical siliconcompatible substrates (e.g. glass, BCB, polyimide, SU-8) have lower dielectric constant compared to silicon. In this way, the use of such materials reduces the losses at the expense of a size increase of the integrated antenna. Therefore, the use of an advanced antenna design may be required to overcome this drawback, providing a small and effective radiator.
Full integration requires availability of very-small antennas that can be fitted on a single chip. In our previous work [7] and work of other groups [8] , the use of shorted-folded patch antennas was considered. Though the achieved results are promising, the dimensions of the developed antennas are still rather large. In this work, we demonstrate that double-folded structure based on multiple-stacked substrates achievable using WLP techniques results in further antenna-size reduction with the added benefit of dual-band operation. An antenna operating at two different ISM bands will be presented.
II. ANTENNA DESIGN Fig. 1 shows the proposed double-folded patch antenna. The antenna is formed by four horizontal metal sheets that are electrically connected by two vertical metal walls. In practical realization, the walls can be formed by metallized via fences or slots. All this is embedded in a dielectric substrate having certain electrical permittivity and dielectric losses. These two parameters together with the antenna geometry, and its effective dimensions, will determine the radiation characteristics and the overall performance. To obtain high efficiency, the metal layers should have minimum losses and the substrate material used (silicon-compatible to allow onchip antenna integration) should be as low-loss as possible. A folded patch antenna was first designed to operate at 2.4 GHz by simulation performed with a high frequency structure simulator (HFSS) software. This simulation tool was already used previously for antenna design, where good match between modeling and experimental results was achieved. As it is well known, in a patch antenna, its electrical patch length determines the operating frequency. In a folded patch, the operating frequency can also be adjusted with the proper selection of the middle patch length or changing the substrate thickness. Folding the antenna structure once more offers new design possibilities. It can be used to design a smaller antenna or to obtain an antenna operating simultaneously inside two ISM bands, 2.4 GHz and 5.7 GHz. The operating frequencies can be controlled by the substrates thickness, by the gap between the embedded patches and vertical walls, and, of course, by the overall antenna dimensions. The designed antenna was fabricated on a stack of three 4003 Rogers TM substrates since this substrate has electrical properties (dielectric permittivity and losses) similar to some silicon-compatible materials. In this way, it is possible to have a better idea of the expected properties of an integrated antenna fabricated with the silicon-compatible materials.
Feeding via
The antenna fabrication started with the drilling of the shorting and feeding vias. This was done using a standard PCB drilling machine. This machine was used to make holes that are 700 µm in diameter. After that, the drilling machine was also used to remove the undesired copper foil in order to obtain the desired antenna geometry (define the embedded patches dimensions). The bottom and top antenna parts where then obtained by dicing using a PCB cutting machine. The feeding and shorting vias were created and both substrates placed together. Finally, a strip of copper tape was used to realize the wall interconnecting the ground plane and the second embedded patch.
The on-chip antenna integration can be achieved by means of wafer level packaging, as discussed in [6] for a folded-patch antenna.
III. RESULTS AND MEASUREMENTS
All the S-parameter measurements were performed with a vector network analyzer previously calibrated using one-port calibration.
As mentioned previously, the antenna concept based on double folding not only reduces the antenna lateral dimensions but also provides new degrees of design freedom. Folding makes the electrical path longer and the antenna operating frequency is shifted down. Fig. 3 shows the effect of double folding of the patch antenna. Since the electrical length is increased the original resonance at 2.4 GHz (single-folded antenna) moves down to 1.55 GHz and, next to that, a new resonant point at 4.48 GHz will appear. The drawback when the operating frequency shifts down is as a small reduction in the efficiency from 92% to 90%. The bandwidth is also slightly reduced. However, this is not a problem in sensor applications, where low data-rates communications are expected. 3 also shows a comparison between the simulated and the measured data. It can be observed that the measured and simulated operating frequencies are slightly shifted. This can be explained by the inaccuracies introduced during the fabrication steps, mainly the use of copper tape to interconnect the ground plane and the second topmost patch. A small shift in the position of this shorting wall will introduce a shift in the gap between the embedded patch and this shorting wall. This gap is a parameter that controls the antenna operating frequency.
From Fig. 3 it can also be observed that the match obtained at the higher frequency is lower then the match at the lower frequency. This is not a problem, because it is possible to use the feeding position to adjust the match at both frequencies. To verify that, the model used to design the prototype of Fig. 2 was then used to design and match an antenna operating inside two ISM bands of interest. The new antenna was designed to operate simultaneously at 2.4 GHz and at 5.7 GHz. The obtained simulated results are shown in Fig. 4 . It can be observed that the return loss at the operating frequencies is now similar. The matching was increased at the higher frequency by the reduction of the matching at the lower frequency. To obtain an antenna operating at the desired frequencies, it was necessary to reduce the electrical length. This can be easily achieved by the reduction of the overall antenna dimensions. To have the antenna operating as displayed in Fig. 4 , the antenna dimensions were reduced to 6 x 8.5 mm 2 .
Changing the antenna dimensions introduces mismatch between the feeding line (a 50 coaxial line) and the feeding point. To obtain a good match for both operating frequencies, the feeding point was shifted. It was possible to obtain a match close to -20 dB, and the -10 dB return-loss bandwidth was 50 MHz and 170 MHz for 2.4 GHz and 5.7 GHz, respectively.
The radiation diagram and gain of the obtained antenna were also investigated for the frequencies of interest. Fig. 5a and Fig. 5b display the simulated 3D radiation diagram for both operating frequencies.
At both frequencies, the radiation is mainly being directed from the aperture direction, which is the radiating element of this antenna. The simulated radiation efficiency for 2.4 GHz is 91%, the efficiency for 5.7 GHz is ~93%. A reduction of ~6 dB in the antenna gain can be observed when the frequency shifts from 5.7 GHz to 2.4 GHz. This can be explained by the electrical size of the antenna. At 2.4 GHz the antenna is electrically smaller then at 5.7 GHz. As it goes smaller, the radiation tends to be omnidirectional. And if the radiation goes all around, the directivity as well the gain becomes smaller.
V. CONCLUSIONS Concerning the reduction in the bandwidth, this gain reduction may be understood as a benefit. If we have a wireless microsystem that is moving as being used, and if it is necessary to continuously transmit information, the antenna should have the ability to radiate in all directions. That means that an antenna with low gain should be used.
This work demonstrates a new very small antenna with dual-band operation at two different ISM bands (2.4 GHz and 5.7 GHZ). This antenna offers potential for on-chip integration, due to its small dimensions. This is a new option for antenna size reduction and a new step towards antenna integration in applications such as wireless sensor networks.
